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1.  Introduction 


Omniwrist  III  is  a  new  sensor  mount  developed  under  Air  Force  funding  that 
emulates  the  kinematics  of  a  human  wrist.  Driven  by  two  linear  motors  and  computer 
controlled,  it  is  capable  of  a  full  180°  hemisphere  of  pitch/yaw  motion.  A  comprehensive 
laboratory  testing  of  one  of  few  existing  devices  of  this  type,  installed  in  the  Laser 
Research  Laboratory  at  Binghamton  University,  has  resulted  in  the  establishment  of  a 
complete  transfer  matrix-type  model  relating  pitch/yaw  coordinates  of  the  sensor  mount 
to  the  voltage  signals  applied  to  the  motors.  While  the  dynamic  characteristics  of  the 
device  are  position-dependent,  the  transfer  matrix  was  supplied  with  an  array  of 
parameters,  representing  various  points  of  its  operation  on  the  sphere.  It  was  found  that 
the  device  has  the  potential  for  exceeding  bandwidth  and  positioning  accuracy  of  a 
traditional  Schaeffer  gimbals  system  at  least  by  the  factor  of  ten.  The  device  is  suitable 
for  the  application  of  the  most  advanced  control  strategies  that  will  result  in  the  further 
enhancement  of  its  dynamic  performance  thus  extending  the  scope  of  its  application  to 
various  problems  of  satellite  communications,  LADAR,  laser  weapon  systems,  etc. 

This  study  is  aimed  at  the  investigation  of  the  best  performance  characteristics 
(bandwidth,  tracking  error,  cross-coupling  effects,  power  consumption,  etc.)  attainable 
under  the  conventional,  state-variable  and  model  reference  control  laws.  It  is  shown  that 
Omniwrist  III  with  the  appropriate  controls  could  be  considered  as  a  new  generation  of 
gimbals  system. 

It  is  proposed  to  continue  this  study  investigating  the  application  aspects  and 
performance  enhancement  of  the  Omniwrist  system  due  to  optimal  controller  utilizing 
dynamic  programming,  gain  scheduling,  and  fuzzy  logic  controller  that  will  be  first 
synthesized  using  the  developed  mathematical  model,  and  later  implemented  in  the 
dedicated  computer  of  the  Omniwrist.  Implemented  in  software  and  in  hardware,  these 
control  strategies  should  be  tested  in  such  typical  laser  positioning  applications  as  agile 
repositioning  of  the  laser  beam,  tracking  a  moving  target,  scanning,  and  offsetting 
vibration  of  the  optical  platform.  Design  and  comprehensive  investigation  of  a  hybrid 
laser  beam  positioning  system  comprising  the  Omniwrist  for  the  coarse  steering  task  and 
an  acousto-optic  Bragg  cell  for  fine  steering  is  also  proposed. 
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2.  Mathematical  Description  of  the  Omniwrist  Gimbals  System 

An  innovative  robotic  wrist  design  by  Ross-Hime  Designs,  Inc  provides  an  alternative  to 
traditional  2-axis  gimbals  positioners  0.  A  full  hemisphere  range  is  covered  by  two  linear 
motors  and  a  series  of  joints  constituting  the  Omni-Writst  III  free-space  laser 
communications  sensor  mount  (Figure  1),  providing  singularity-free  pointing  capability 
for  up  to  5  lbs  of  payload.  A  description  of  the  components  will  be  followed  by  the 
development  of  a  mathematical  model,  building  the  ground  for  the  analysis  and  design  of 
control  scenarios  in  the  next  chapter. 

2.1  The  Laboratory  Setup 

The  components  and  their  functional  interconnections  of  the  Omniwrist  setup  are  shown 
in  Figure  2.  A  brief  exploration  of  the  particular  modules  with  links  to  sources  of  more 
detailed  information  made  available  by  the  manufacturers  will  be  presented  in  following 
subsections. 


Figure  1  -  The  Omni  wrist  III  Setup 


2.1.1  Dedicated  PC 

A  proprietary  Microsoft  Windows95  application  running  on  a  Pentium-based  IBM  laptop 
serves  as  a  user  interface  of  the  setup  with  the  ability  to  calibrate  the  drive  and  perfonn 
simple  positioning  tasks.  After  completing  the  homing  sequence,  the  device  is  ready  to 
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accept  user  input  and  change  the  pointing  direction  based  on  the  given  values  for  azimuth 
and  declination.  The  control  hierarchy  and  functionality  is  similar  to  the  Schaeffer 
gimbals  system  in  that  the  user  interface  PC  supplies  a  stand-alone  controller  with  high- 
level  commands  containing  (step)  reference  infonnation  over  a  serial  connection.  The 
controller  in  this  case  is  implemented  on  Ziatech’s  STD32  Bus  based  ZT8907  single 
board  computer  featuring  an  Intel  DX4  processor  0.  A  simple  interface  program  running 
on  a  Microsoft  DOS  6.22  platfonn  receives  the  serial  data  from  the  user  interface  PC  and 
returns  confirmation  codes,  processes  the  signals  from  the  calibration  switches,  converts 
between  the  azimuth  and  declination  and  encoder  signals,  and  communicates  with  the 
servo  motion  control  board,  which  implements  the  low-level  control. 


Figure  2  -  Components  of  the  Omni-Wrist  III  Laboratory  Setup 

2.1.2  Servo  Drive 

An  ACS-Tech80  4-Axes  Servo  Motion  Controller  board,  model  4350A,  connected  to  the 
STD32  bus,  generates  the  control  signals  based  on  the  step  reference  given  by  the 
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interface  software  0.  The  controller  board  is  interfaced  with  the  servo  amplifiers  as  well 
as  the  encoders,  acquiring  the  position  feedback  information. 


2.1.3  Servo  Amplifier 

Advanced  Motion  Controls  SE30A40AC  brushless  servo  amplifiers  provide  the 
necessary  power  and  modulation  to  drive  the  motors  [4]. 

2.1.4  Motor 

The  actuation  of  the  gimbals  is  realized  through  Exlar  Corporation  GS-20  series  linear 
brushless  motors  0.  Embedded  within  the  enclosure  of  the  motors  are  quadrature  optical 
encoders,  supplying  incremental  position  information  to  the  counters  on  the  Motion 
Controller  Board  (Servo  Drive). 

2.1.5  Gimbals 

The  mechanical  design  couples  the  motors  with  the  sensor  mount  through  a  series  of 
joints,  transfonning  the  motor  encoder  position  vector  into  azimuth  and  declination 
coordinates  of  the  mount. 

2.1.6  Calibration  Sensors 

A  Philtec,  Inc  RC63  fiber  optic  displacement  sensor  is  a  key  feedback  source  in  the 
homing  sequence  in  sensing  the  calibration  position  0.  The  associated  sensor  electronics 
conditions  the  signals  to  be  intelligible  by  the  DAQ  board. 

2.1.7  DAQ  Board 

The  analog  signal  from  the  calibration  sensors  is  acquired  by  a  VersaLogic  Corp  VL- 
1260  12-bit  analog  input  card  capable  of  over  10  kHz  sampling  frequency  [7]. 

2.2  Experimental  Investigation  of  the  Gimbals  System 

Although  the  diagram  of  Figure  2  indicates  that  the  particular  modules  of  the  Omniwrist 
system  and  their  functional  interrelationship  are  similar  to  the  ones  of  a  Schaeffer 
gimbals  systems,  there  are  several  fundamental  differences  between  the  two  systems. 
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2.2.1  Motor  Operation 

While  the  Schaeffer  gimbals  are  actuated  by  current-driven  rotary  DC  brush  motors  (with 
the  current  proportional  to  the  control  input),  the  Omniwrist  is  positioned  by  linear 
brushless  motors,  requiring  three-phase  sinusoidal  control  signal  modulation.  Luckily  for 
the  designer,  the  modulation  procedure  is  transparent  from  the  point  of  view  of  the 
control  signal  due  to  the  use  of  the  brushless  servo  amplifiers. 

2.2.2  Mechanical  Design 

The  modeling  and  control  tasks  of  the  Schaeffer  setup  are  reduced  due  to  the 
independence  of  the  azimuth  and  declination  channels,  which  can  each  be  modeled  and 
controlled  separately.  The  Omniwrist  kinematical  design  combines  the  effect  of  both 
motors  to  form  the  azimuth  and  declination  coordinates,  which  will  need  to  be  reflected 
in  the  model  as  well  as  in  the  control  design,  where  decoupling  of  the  inputs  and  outputs 
will  be  a  necessity. 

2.2.3  Nonlinearities 

The  friction  in  the  Omniwrist  gimbals  appears  to  be  far  less  significant  with  respect  to  the 
maximum  force  generated  by  the  motors  then  in  the  Schaeffer  gimbals,  allowing  for  a 
greater  range  of  the  control  input.  While  an  explicit  measurement  of  saturation  was  not 
possible  (as  it  is  not  possible  in  the  Schaeffer  gimbals  setup),  the  effects  of  saturation 
appear  to  be  far  less  significant  in  the  Omniwrist  system. 

2.2.4  Control  Input  Voltage 

The  range  of  control  input  voltages  acceptable  by  the  servo  amplifier  is  limited  by  -  10  V 
and  +  10  V,  which  is  the  same  as  the  range  of  the  inputs  of  the  servo  amplifier  used  in  the 
Schaeffer  setup. 

2.2.5  Encoder  Resolution 

The  resolution  of  the  encoders  was  measured  to  be  20.52  grad  per  pulse,  more  than  4.5 
times  the  resolution  of  the  Schaeffer  system  encoders,  promising  drastic  accuracy 
improvement. 
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2.2.6  Servo  Motion  Controller 


Low-level  control  is  implemented  directly  on  the  motion  controller  board  utilizing  a 
trapezoidal  velocity  envelope  generator  and  a  PID  velocity  controller  and  featuring  a 
microprocessor,  which  constantly  monitors  the  performance  of  the  controller  and  updates 
the  velocity  envelope. 

2.3  Mathematical  Model  of  the  Gimbals  System 

Due  to  hardware  upgrades  coinciding  with  the  analysis  and  control  implementation 
processes,  the  modeling  task  was  limited  to  the  static  model  of  the  kinematics  of  the 
Omni  wrist  and  the  coupling  between  the  input  and  output  signals. 

2.3.1  Coupling  between  the  Angular  and  Encoder  Signals 

The  mechanical  design  of  the  Omniwrist  causes  cross  coupling  between  the  input  and 
output  signals.  Voltage  applied  to  only  axis  #1  of  the  gimbals  results  in  movement  in  both 
the  azimuth  and  the  declination  directions.  Similarly,  if  only  axis  #2  is  driven  by  a  control 
signal,  the  gimbals  will  move  in  both  the  azimuth  and  the  declination  directions.  Analysis 
of  Figure  3  suggests  a  complicated  interrelationship  between  the  input  motor  positions 
(applied  at  two  of  the  bottom  parts)  and  the  outputs  (azimuth  and  declination).  Without 
the  knowledge  of  the  parameters  of  the  parts  being  used,  it  would  be  very  difficult  to 
come  up  with  the  exact  model.  Therefore,  the  coupling  relationships  were  inspected  in  an 
attempt  to  find  (guess)  the  underlying  mathematical  description. 

Utilizing  a  development  version  of  the  interface  software  found  on  the  controller  PC, 
some  input/output  data  was  collected  by  entering  a  desired  azimuth  and  declination 
position  and  reading  the  equivalent  encoder  positions  on  both  axes.  An  inspection  of 
Figure  4,  showing  the  dependence  of  the  encoder  position  of  axis  #1  (a)  and  axis  #2  (b) 
on  variations  of  the  azimuth  position,  indicates  that  the  relationship  between  the  azimuth 
position  and  the  position  of  the  encoders  of  both  motors  can  be  approximated  by 
trigonometric  functions.  Furthermore,  Figure  5  shows,  that  the  dependence  of  the  encoder 
position  of  axis  #1  on  the  declination  can  be  approximated  by  a  sine-function. 
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Figure  3  -  Kinematics  of  the  Omniwrist  III  (source:  0) 


EL=30,  Axis  1  -  Azimuth  Relationship 


EL=30,  Axis  2  -  Azimuth  Relationship 
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Figure  4  -  Relationship  Between  Azimuth  and  Encoder  Position  of  (a)  Axis  1  and  (b)  Axis 
2;  Declination  =  30° 
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Figure  5  -  Relationship  Between  Declination  and  Encoder  Position  of  Axis  1 


The  above  findings  can  be  summarized  in  following  equations,  whose  coefficients  were 
estimated  on  the  basis  of  input/output  data  by  using  a  genetic  optimization-based  [8] 

Least  Squares  procedure 

Ax,  =  8.524  -103  •  sin(0.4845  •  DEC)  ■  cos(ZZ)  and  (1) 

Ax2  =  -8.524  •  103  •  sin(0.4845  •  DEC)  •  sin(ZZ) .  (2) 

Dividing  equation  (2)  by  equation  (1)  yields 


Ajq 

Ax, 


cos \AZ ) 


which  results  in 

AZ  =  -  tan  1 


r  Ax^ 

\Axi  j 


sin 


and 


Ax, 


DEC  =  ■ 


8.524  •  104  -cos(ZZ) 
0.4845 


(3) 


(4) 


(5) 


2.3.2  Actuator  Transfer  Functions 

In  order  to  build  a  control  system,  one  needs  to  have  the  knowledge  of  the  dynamics  of 
the  system  to  be  controlled.  Without  access  to  the  design  documentation,  a  control 
engineer  needs  to  conduct  experiments,  which  will  provide  an  estimate  of  the  dynamic 
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model  of  the  system.  This  was  the  case  with  the  Schaeffer  gimbals  system  as  well  as  the 
Omniwrist  III  gimbals  system. 

A  series  of  experiments  was  conducted,  gathering  responses  of  encoders  of  both  axes  to 
positive  and  negative  inputs  at  13  different  operating  points,  given  by  13  different 
azimuth  and  declination  pairs.  The  outcomes  of  the  experiments  are  shown  in  Figure  6, 
indicating  different  responses  at  different  operating  points.  An  average  velocity  response 
of  axis  #1  and  axis  #2  along  with  the  1st  order  model  obtained  through  the  Least  Squares 
estimation  is  shown  in  Figure  7.  The  transfer  functions  were  found  to  be 
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Figure  6  -  Responses  of  Both  Motors  to  Positive  and  Negative  Inputs  at  Different 
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Figure  7  -  Velocity  Response  of  a  1st  Order  Model  of  (a)  Actuator  1  and  (b)  Actuator  2 


3.  Digital  Control  of  the  Gimbals  System 

As  it  was  mentioned  earlier,  malfunctioning  of  the  Omniwrist  hardware  has  the  design 
and  verification  of  digital  controllers  to  computer  simulations.  The  effort  includes  the 
analysis  of  the  existing  controller  followed  by  the  development  of  a  state-variable  and  an 
adaptive  model  following  controller. 

3.1  Analysis  of  the  Existing  Control  System 

The  functionality  of  the  existing  controller  as  well  as  its  structure  are  very  similar  to  that 
of  the  Schaeffer  gimbals.  The  user  enters  the  desired  azimuth  and  declination  position 
into  the  software  on  the  interface  laptop,  which  is  communicated  over  a  serial  link  to  the 
single  board  computer,  where  the  target  position  is  converted  into  the  encoder 
coordinates  and  velocity  envelopes  are  generated  for  both  channels.  A  PID  controller  and 
an  overseeing  microprocessor  on  the  servo  motion  controller  board  assure  that  the  system 
follows  the  required  velocity  envelopes.  Again,  it  is  only  possible  to  change  the  desired 
position  after  the  previous  move  has  completed.  Also,  similarly  to  the  Schaeffer  system, 
the  inaccessibility  of  the  control  and  feedback  signals  limits  the  thoroughness  of  the 
system  analysis.  Apart  from  the  above-mentioned  controller  structure  and  its 
inconvenience  for  tracking,  the  original  control  system  exhibits  coupling  of  the  outputs, 
an  issue,  which  will  be  the  main  concern  of  following  sections. 
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3.2  Design,  Application  and  Testing  of  a  State- Variable  Controller 

Two  independent  controllers,  designed  for  individual  channels  as  per  [9],  are  shown  in 
Figure  8.  Note  that  the  encoder  coordinates  are  not  coupled,  and  the  coupling  takes  place 
in  the  blocks  filtering  the  reference  and  output. 


(c) 


Figure  8  -  Omni  wrist  State  Variable  Controller;  (a)  Overall  System;  (b)  Plant;  (c) 

Controller 

The  plant,  described  by  transfer  functions  (6)  and  (7)  can  be  expressed  in  state  variable 
form  as 
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The  desired  closed  loop  system’s  state  variable  representation  is 
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with  eigenvalues  -40+j  and  -40-j  for  each  channel.  The  controller  and  filter  matrices  F 
and  W,  which  will  achieve  the  desired  closed  loop  perfonnance,  were  found  to  be 


F  = 

W  = 


1.913  69.609 
0  0 
"69.609  0 

0  91.486 


0  0 
2.629  91.486 

l.io- 


•10~5 


(10) 


The  closed-loop  step  response  of  the  system  can  be  seen  in  Figure  9. 
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Figure  9  -  Closed-Loop  System  Step  Response 


To  investigate  the  coupling,  the  azimuth  input  was  driven  with  a  sinusoidal  signal,  while 
the  declination  was  kept  constant.  Figure  10  (d)  reveals  the  propagation  of  the  azimuth 
reference  into  the  declination  channel.  The  coupling  effect  is  fairly  small,  thanks  to  the 
slow  variation  of  the  reference  signal  (the  system  is  steady-state  decoupled),  but  could  be 
significant  for  aerospace  applications.  Therefore,  an  adaptive  control  system  was  built 
and  investigated  for  its  decoupling  capabilities. 

Note:  The  initial  error  in  Figure  10  (e)  is  due  to  different  initial  conditions  of  the  plant 
and  the  decoupled  closed-loop  system  model. 


13 


Azimuth  Reference 


0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2 

Time  [s] 


(a) 


0.5  r 
0.45  - 


Elevation  Reference 


0.8  1  1.2  1.4  1.6  1.8  2 

Time  [s] 


(b) 


Azimuth  Response 


Elevation  Response 


Time  [s] 

(c) 


(d) 


-10- 
-12  - 


0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2 

Time  [s] 


(e) 


Elevation  Error 


0.8  1  1.2  1.4  1.6  1.8  2 

Time  [s] 


(f) 


Figure  10  -  State- Variable  Controller  Response;  Reference:  (a)  Azimuth,  (b)  Declination; 
Response:  (c)  Azimuth,  (d)  Declination;  Position  Error:  (e)  Azimuth,  (f)  Declination 
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Figure  1 1  -  Control  Signals  Produced  by  the  State- Variable  Controller 


3.3  Design,  Application  and  Testing  of  an  Adaptive  Model  Reference  Controller 

With  the  decoupling  of  the  outputs  as  the  main  objective,  a  model  reference  adaptive 
controller  was  designed  with  a  structure  as  shown  in  Figure  12.  The  reference  model  is 
driven  by  the  azimuth  and  declination  reference  and  its  output  adheres  to  the  same 
coordinate  system.  Consequently,  the  model  is  decoupled.  The  azimuth  and  declination 
pairs  are  converted  into  motor  encoder  position  and  along  with  the  measured  encoder 
information  serve  as  input  to  the  Adaptation  Mechanism  (AM),  which  then  generates  the 
additional  adaptive  control  inputs  for  both  channels.  The  development  of  the  Adaptation 
Mechanism  is  consistent  with  the  approach  described  in  [10].  The  final  results  of  the 
design  are  presented  below.  Figure  shows  a  Simulink  implementation  of  the  AM  given 
in  [10]. 

The  parameters  of  these  equations  are 


D  = 


0.626 

0 


50 

0 


0 

0.626 


0 

50 


(11) 


15 


Figure  12  -  System  Diagram  of  an  Adaptive  Model  Reference  Controller 
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Figure  13  -  Adaptation  Mechanism 
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The  performance  of  the  adaptive  controller  is  captured  in  Figure  14.  After  the  initial 
oscillations  die  out,  the  tracking  error  is  kept  very  close  to  zero.  The  control  signals 
produced  by  the  state-variable  controller  and  by  the  AM  are  show  in  Figure  15.  The 
adaptation  of  parameters  AF  and  AW  is  show  in  Figure  16.  In  the  simulation  diagrams 
and  plots,  matrices  F\,  /A,  W\  and  W2  constitute  matrices  F  and  W  as  follows 
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Figure  14  -  Adaptive  Model  Reference  Controller  Response;  Reference:  (a)  Azimuth,  (b) 
Declination;  Response:  (c)  Azimuth,  (d)  Declination;  Position  Error:  (e)  Azimuth,  (f) 
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Figure  15  -  Control  Signals  Produced  by  the  State- Variable  Controller  (a)  and  (b);  and  by 

the  Adaptation  Mechanism  (c)  and  (d) 
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Figure  16  -  Adaptation  of  Parameters  of  Matrix  F  (a),  (b),  (c)  and  (d),  and  of  Matrix  W  (e) 

and  (f) 
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3.4  Comparative  Analysis  of  the  Control  Laws:  Complexity  vs.  Functionality 

As  it  was  mentioned  earlier,  the  inaccessibility  of  key  signals  in  the  original  controller 
setup  made  detailed  analysis  and  performance  assessment  unrealizable.  Therefore,  this 
section  will  focus  on  the  two  controllers  developed  in  Sections  II. 2  and  II. 3.  A  direct 
comparison  between  of  Figure  10  (d)  and  Figure  (d)  indicates  superior  decoupling 
capabilities  of  the  adaptive  controller.  While  the  decoupling  of  the  outputs  through  the 
use  of  a  state-variable  controller  was  fairly  successful,  it  was  mostly  due  to  the  slow 
variations  of  the  reference  and  inherent  small  lag  between  the  reference  and  the  output. 
However,  the  introduction  of  an  additional  adaptive  signal  improved  the  response 
considerably,  which  makes  a  good  argument  for  the  application  of  adaptive  control  in 
accuracy-critical  scenarios,  such  as  high  precision  beam  steering.  Again,  the  cost  of 
implementation  of  an  adaptive  controller  is  justifiable  as  in  the  case  of  friction 
compensation  in  the  Schaeffer  gimbals  setup,  due  to  the  improved  perfonnance  and 
relatively  uncomplicated  realization  of  the  results  of  the  adaptive  control  design. 


4.  Conclusions  and  Further  Research 

A  comprehensive  laboratory  testing  of  one  of  few  existing  Omniwrist  devices  has 
resulted  in  the  establishment  of  a  complete  transfer  matrix-type  model  relating  pitch/yaw 
coordinates  of  the  sensor  mount  to  the  voltage  signals  applied  to  the  motors.  Although 
dynamic  characteristics  of  the  device  are  position-dependent,  it  has  the  potential  for 
exceeding  bandwidth  and  positioning  accuracy  of  a  traditional  gimbals  system  at  least  by 
the  factor  of  ten.  The  device  is  suitable  for  the  application  of  the  most  advanced  control 
strategies  that  will  result  in  the  further  enhancement  of  its  dynamic  performance  thus 
extending  the  scope  of  its  application  to  various  problems  of  satellite  communications, 
LADAR,  laser  weapon  systems,  etc. 

The  proposed  study  is  aimed  at  the  investigation  of  the  best  performance 
characteristics  (bandwidth,  tracking  error,  cross-coupling  effects,  power  consumption, 
etc.)  attainable  under  various  control  laws.  Model  reference  adaptive  controller,  optimal 
controller  utilizing  dynamic  programming,  gain  scheduling,  and  fuzzy  logic  control  will 
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be  synthesized  using  the  developed  mathematical  model.  Implemented  in  software  and 
laboratory  hardware,  these  control  strategies  were  tested  in  such  typical  laser  positioning 
applications  as  agile  repositioning  of  the  laser  beam,  tracking  a  moving  target,  scanning, 
and  offsetting  vibration  of  the  optical  platform.  It  will  demonstrate  that  Omniwrist  III 
with  the  appropriate  controls  could  be  considered  as  a  new  generation  of  gimbals  system. 

While  exceeding  the  bandwidth  requirements  for  the  coarse  beam  steering  task, 
Omniwrist’s  dynamic  response  is  much  slower  than  the  one  of  the  acousto-optic  device 
(Bragg  cell)  that  is  virtually  inertia-less.  At  the  same  time,  the  steering  range  of  a  Bragg 
cell,  ±  .5°,  is  too  small  for  many  applications.  The  authors  have  been  successful  in  the 
enhancement  of  the  design  and  development  of  control  laws  improving  its  dynamic 
characteristics  of  a  Bragg  cell.  We  propose  the  research  aimed  at  the  development  of  a 
hybrid  laser  beam  steering  system  comprising  Bragg  cells  installed  on  the  Omniwrist 
platform.  An  optimal  control  strategy  facilitating  such  applications  as  scanning,  search, 
rapid  repositioning,  tracking,  feedback  and  feedforward  compensation  of  environmental 
vibration  of  the  optical  platform  (satellite-based  and  airborne)  will  be  developed, 
implemented  and  tested.  This  includes  the  solution  of  such  underlying  problems  as  the 
development  of  the  mechanical  and  optical  systems,  mathematical  description  of  the 
hybrid  system,  optimal  task  distribution  between  the  “coarse”  and  the  “fine”  positioning 
tasks,  coordination  of  the  operation  of  the  “coarse”  and  “fine”  system  controllers.  The 
efficiency  of  the  developed  system  in  various  applications  will  be  investigated  and 
compared  against  known  designs. 

The  expected  cost  of  the  proposed  efforts  is  $60,000  over  a  1.5  year  period. 
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